K.M.). The online-only Data Supplement is available with this article at http://circimaging.ahajournals.org/lookup/suppl/
P athological studies have demonstrated that plaque rupture with subsequent occlusive thrombus formation is a primary cause of acute coronary syndrome (ACS). [1] [2] [3] Plaque vulnerability has been widely accepted as an underlying mechanism for this local phenomenon. However, plaque instability is not merely a local vascular accident but reflects a pan-vascular process with the potential to destabilize atherosclerotic plaques in nonculprit areas. 4 Some studies have reported that ruptured and/or vulnerable plaques exist at nonculprit lesions, as well as in culprit segments in ACS patients. [5] [6] [7] Moreover, patients who presented with ACS and underwent percutaneous coronary intervention had a similar recurrent adverse cardiovascular event rate in culprit lesions and nonculprit lesions (12.9% versus 11.6% during a 3-year follow-up period). 8 
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Neovascularization has been recognized as an important process in the progression of atherosclerotic plaque and has also been recently identified as an important feature of plaque vulnerability. 9, 10 Optical coherence tomography (OCT) has been shown to be able to identify various components of atheromatous plaques, including neovascularization.
The purpose of this study was to investigate the plaque characteristics of nonculprit lesions in ACS patients and compare them with those in non-ACS subjects.
Methods

Study Population
A total of 108 patients who underwent 3-vessel OCT imaging were identified from the Massachusetts General Hospital (MGH) OCT Registry database. The MGH OCT registry is a multicenter registry of patients undergoing OCT, composed of 20 sites across 6 countries (see the Online Data Supplement Acknowledgments). Patients with cardiogenic shock, congestive heart failure, chronic total occlusion, a left main disease, and renal failure were not enrolled. Patients incapable of giving consent were not included. Four patients were excluded due to poor image quality; 104 patients (96.3%) were included in the final analysis. The ACS group included ST-elevation-myocardial infarction (STEMI), non-STEMI, and unstable angina (UA); the non-ACS group included stable angina pectoris (SAP). STEMI was defined as continuous chest pain that lasted >30 minutes, arrival at the hospital within 12 hours from the onset of chest pain, ST-segment elevation >0.1 mV in ≥2 contiguous leads, or new left bundle-branch block on the 12-lead ECG and elevated cardiac markers (creatine kinase-MB or troponin T/I). Non-STEMI was defined as ischemic symptoms in the absence of ST-elevation on ECG with elevated cardiac markers. SAP was defined as chest pain on exertion, positive stress test result, and no change in the frequency, duration, or intensity of symptoms within 4 weeks before admission. UA was defined as angina at rest, accelerated angina, or new-onset angina. Nonculprit lesions were defined as plaques viewed on an angiogram that had not been treated. Plaques with more than 30% diameter stenosis as compared with reference diameter by OCT were included in our study. Each plaque was separated by at least 5 mm from the edge of any other plaque or implanted stent edge. The registry was approved by each institutional review board committee and all patients provided informed consent before enrollment.
Acquisition of OCT Images
Images were acquired using a commercially available time-domain (M2/M3 Cardiology Imaging System, LightLab Imaging, Inc, Westford, MA) or frequency-domain (C7-XR OCT Intravascular Imaging System, St Jude Medical, St Paul, MN) OCT system. The intracoronary OCT imaging technique has been described previously. [11] [12] [13] In brief, the M2/M3 system uses an occlusion balloon (Helios, LightLab Imaging, Inc) that is inflated proximal to the lesion at 0.4 to 0.6 atm during image acquisition. The imaging wire is automatically pulled back from a distal to a proximal position at a rate of 1.0 to 3.0 mm/s, and saline is continuously infused from the tip of the occlusion balloon. In the C7 system, a 2.7F OCT imaging catheter (Dragonfly, LightLab Imaging, Inc) is advanced distal to the lesion, and automatic pull-back is initiated in concordance with blood clearance by the injection of contrast media or Dextran. All images were deidentified and digitally stored.
OCT Data Analysis
Plaques were classified into 2 categories: (1) fibrous (homogeneous high signal region) or (2) lipid plaque (low signal region with diffuse border). 11,14-17 When lipid was present ≥90° in any of the crosssectional images within the plaque, it was considered a lipid-rich plaque ( Figure 1A ). In lipid-rich plaque, lipid arc was measured at every 1-mm interval throughout the entire length of each lesion and the values were averaged. Lipid length was also measured on longitudinal view. Lipid volume index was defined as the averaged lipid arc multiplied by lipid length. The fibrous cap thickness (FCT) of lipid-rich plaque was measured at its thinnest part 3 times, and the average value was then calculated. Thin-cap fibroatheroma (TCFA) was defined as the thinnest fibrous cap thickness ≤65 μm in lipidrich plaque on a cross-sectional image ( Figure 1A ). Macro phage infiltration was defined as bright spots with high OCT backscattering signal variances ( Figure 1B ). 18, 19 A microchannel was defined as a black hole or a tubular structure within a plaque ( Figure 1C ). 20 Microchannels were measured using the shortest distance between the lumen and microchannel on each cross-sectional image, and the closest distance in the patient was compared between the groups. The presence was also recorded ( Figure 2 ). Plaque disruption was identified by the presence of fibrous cap discontinuity with a clear cavity formed inside the plaque. 14 Intracoronary thrombus was defined as a mass (diameter ≥250 μm) attached to luminal surface or floating within the lumen, including red (red blood cell-rich) thrombus ( Figure 1D ), which was highly backscattering with high attenuation (resembles blood), and white (platelet-rich) thrombus, which was less backscattering and homogeneous with low attenuation ( Figure 1E ). 14, 21 Calcification was recorded when an area with low backscatter signal and a sharp border was identified inside a plaque ( Figure 1F ). Macrophage, plaque disruption, thrombus, and calcification were recorded only for their presence. The OCT data were analyzed at an independent MGH OCT core laboratory by 2 experienced investigators who were blinded to the angiographic and clinical findings using proprietary software (LightLab Imaging, Inc). When there was discordance between the investigators, a consensus reading was obtained from a third independent investigator. Intraclass correlation coefficient for interobserver and intraobserver reliabilities of lipid arc were 0.844 and 0.903, respectively.
Statistical Analysis
All statistical analysis was performed by an independent statistician at a core laboratory. For the analysis of patient characteristics, categorical data are presented as frequencies (percentages) and were compared using a χ 2 test or Fisher exact test, depending on the data. Continuous measurements are presented as mean±SD and median (25th to 75th percentiles). Means of the continuous measurements were compared using the Student t test. To compare plaque characteristics between ACS and non-ACS patients, Generalized Estimating Equations approach were used to take into account the intraclass correlation due to the multiple plaques analyzed within a single patient's data. Analysis of receiver operating characteristics (ROC) was used to determine the predictability (sensitivity and specificity) of the distance from the lumen to microchannel. Intraobserver and interobserver reliabilities were estimated by intraclass correlation coefficient for continuous measurement. All analysis was performed using SAS 9.1.3, with a probability value <0.05 considered statistically significant.
Results
Baseline Characteristics
Baseline patient characteristics are shown in the Table. The ACS group consisted of 17 patients (7 STEMI and 10 UA/non-STEMI); the non-ACS group consisted of 87 SAP patients. A higher frequency of current smoking and less frequent usage of statin were observed in the ACS group as compared with the non-ACS group. The level of low-density lipoprotein cholesterol (LDL-C) was higher and that of high-density lipoprotein cholesterol (HDL-C) was lower in the ACS group. Despite 3-vessel imaging, no procedure related complications were reported from any institution.
OCT Findings
A total of 248 nonculprit plaques were found in 104 patients: 45 plaques in 17 ACS patients (2.7±1.3 plaques/patient) and 203 plaques in 87 non-ACS patients (2.3±1.1 plaques/ patient). Although the number of plaques per patient did not differ between the groups, the number of lipid-rich plaques per patient was greater in the ACS group than in the non-ACS group (1.9±1.4 versus 1.1±1.1, P=0.013) (Table) . The distribution of plaques among the 3 coronary arteries was not different between the 2 groups: 42.3% of plaques were located in the right coronary artery, 34.3% of plaques in the left anterior descending artery, and 23.4% of plaques in the left circumflex artery.
Plaque-based comparison of OCT findings between ACS and non-ACS groups is shown in Figure 3 In addition, lipid-rich plaque (71.1% versus 47.3%, P=0.005) and TCFA (44.4% versus 6.9%, P<0.001) were more frequent in ACS plaques.
Patient-based analysis of OCT plaque characteristics in ACS and non-ACS are summarized in Figure 4 . TCFA (64.7% versus 14.9%, P<0.001), macrophage (82.4% versus 37.9%, P=0.001), and thrombus (29.4% versus 1.1%, P<0.001), were more frequent in ACS patients. Although the prevalence of disruption of nonculprit lesions was not statistically different between the groups, the incidence was more than doubled in ACS patients compared with non-ACS patients (35.3% versus 12.6%, P=0.051). No difference in the incidence of calcification was observed. Although the prevalence of microchannels did not differ between the groups (64.7% versus 55.2%, P=0.647), the closest distance from the lumen to microchannel in the patient was significantly 
Discussion
The present study detailed plaque characteristics in nonculprit lesions in patients with ACS using 3-vessel OCT imaging and compared the findings with those of non-ACS subjects to understand the underlying pathophysiology of higher recurrent ischemic events in the ACS population. It is known that ACS patients are at high risk for recurrent ischemic events caused by a lesion that is anatomically unrelated to the initial event. 4, 8, 22 Inflammation may play a central role in these patients 22, 23 ; however, previous studies lack a detailed description of plaque morphology to explain the higher recurrent ischemic events. Our analysis demonstrated that nonculprit lesions in the ACS subjects, as compared with non-ACS, have a larger lipid volume, a thinner fibrous cap, and higher prevalence of TCFA. Thrombus and macrophage were also more frequent in the ACS group. Although the number of plaques per patient did not differ between the 2 groups, the number of lipid-rich plaques per patient was greater in ACS patients. All of these findings coincide with the typical pathological features of plaque vulnerability. 3 Therefore, our study supports the concept that ACS is a pan-vascular process with a higher prevalence of vulnerable plaques in nonculprit sites, leading to recurrent ischemic events in the future. 4 To our knowledge, our study in the first report that describes detailed plaque characteristics of nonculprit lesions in all 3 coronary arteries. Our results provide rationale that more aggressive plaque stabilization therapy such as cholesterol lowering and/or anti-inflammatory agents may be of additional value in ACS patients.
The Prevalence of Lipid-Rich Plaques
In the present study, not only the number of lipid-rich plaques per patient was greater (1.9±1.4 versus 1.1±1.1, P=0.013), but also the prevalence of lipid-rich plaque was higher (71.1% versus 47.3%, P=0.005) in the ACS group. A large lipid pool with a thin fibrous cap and heavy infiltration of macrophages are the major components of a vulnerable plaque. 3 Angioscopic studies have reported that 89% to 95% of plaques in ACS were yellow plaques compared with 57% to 64% of plaques in SAP. 5, 24 In vivo OCT study has been reported that the prevalence of lipid-rich plaque was 90% in STEMI, 75% in NSTEMI/UA, and 59% in SAP. 14 Our study demonstrates that 3 of 4 nonculprit plaques of ACS contain large amount of lipid.
Lipid Volume
Positive remodeling, large plaque burden, and larger lipid core are well-described characteristics of vulnerability. 3, 25 Integrated backscatter intravascular ultrasound (IB-IVUS) studies reported that both culprit and nonculprit lesions of ACS patients had a higher percent lipid (lipid area/plaque area) and a lower percent fibrous (fibrous area/plaque area) compared with non-ACS patients. 26 In the present study, nonculprit plaques of ACS had a wider lipid arc, a longer lipid length, and a larger lipid volume index. Our findings that plaques with ACS have larger lipid volume compared with non-ACS are consistent with the previous studies.
TCFA and Macrophage
In the present study, the prevalence of TCFA was higher in ACS patients than in non-ACS patients (64.7% versus 14.9%, respectively, P<0.001). Our group reported the first in vivo comparison of culprit plaque characteristics between ACS and non-ACS patients using OCT. 14 TCFA was more frequent in STEMI (72%) and non-STEMI/UA (50%) than in SAP (20%) in their culprit lesions. Hong et al 27 reported, using virtual histology intravascular ultrasound (VH-IVUS), that 72% of ACS patients and 54% of SAP patients had VH-TCFA. The PROS-PECT study using 3-vessel gray-scale IVUS and VH-IVUS in ACS patients demonstrated that 46.7% ACS patients had VH-TCFA in their nonculprit lesions, moreover the presence of TCFA was a strong independent predictor of recurrent cardiac events. 8 Kubo et al 28 reported that the prevalence of TCFA by OCT in nonculprit lesions was 38.5% in ACS patients and 6.3% in non-ACS patients. The prevalence of TCFA in nonculprit lesions was higher in our study compared with Kubo's reports. The most likely explanation for this discrepancy is that we examined all 3 vessels in our study, whereas Kubo performed OCT in only 1 or 2 vessels. Our study also demonstrates that macrophage infiltration was more frequent in ACS patients than in non-ACS patients. Autopsy data of coronary plaques from sudden cardiac death identified that the macrophages have been implicated in every stage of coronary atherosclerosis from its initiation to its clinical presentation. 23, 29 Macrophages secrete matrix metalloproteinase, which may destabilize plaque, 30 and expresses tissue factor, a potent promoter of coagulation. 31 Increased macrophages within culprit lesions have been seen more frequently in autopsy studies of ACS patients compared with those of stable patients. 3, 32 Our group previously reported in a small number of patients that macrophage infiltration was greater in ACS nonculprit sites as compared with those of non-ACS patients. 19 The present data extended the previous conclusions that inflammatory cell activation was not only in the culprit artery but was also found in the nonculprit vessels, 33 indicating the multifocal nature of inflammation in ACS plaques.
Microchannels
Neovascularization has been recognized as an important process for the progression of atherosclerotic plaques and has also been identified recently as one of the features of plaque vulnerability. 9,10 On OCT images, neovascularization was observed as a small black hole or a tubular structure within a plaque, similar to a microchannel. In the present study, the Figure 3 . Plaque-based comparison of optical coherence tomography findings between acute coronary syndrome (ACS) and non-ACS plaques. ACS patients had a wider lipid arc (P<0.001), a longer lipid length (P=0.002), and a larger lipid volume, and a thinner fibrous cap (P<0.001) compared with non-ACS patients. Lipid-rich plaque (71.1% versus 47.3%, P=0.005) and thin-cap fibroatheroma (TCFA) (44.4% versus 6.9%, P<0.001) were more frequent in ACS compared with non-ACS. Patient-based analysis of plaque characteristics in acute coronary syndrome (ACS) and non-ACS. ACS patients had more frequent of thincap fibroatheroma (TCFA) (P<0.001), macrophage (P=0.001), and thrombus (P<0.001) compared with in the non-ACS patients. The prevalence disruption calcification and microchannels did not differ between the groups. The closest distance from microchannel to lumen was shorter in ACS patients than non-ACS (P=0.027).
overall prevalence of microchannels in nonculprit lesions was not significantly different between ACS and non-ACS patients (64.7% versus 55.2%, respectively, P=0.647). However, the closest distance from the lumen to microchannel in the patient was shorter in ACS subjects than in non-ACS. ROC analysis demonstrated that the distance of 130 μm separates ACS from non-ACS patients with the sensitivity and specificity of 87.5% and 68.0%, respectively.
Intimal neovascularization is a common feature of atherosclerotic disease, correlating with histological alterations 34 and symptoms. 9 Neovascularization density increased in lesions with marked macrophage infiltration of TCFA, 10 lipid-rich lesions, 35 and lesions with intraplaque hemorrhage and rupture. 10 All features are related to plaque vulnerability. Neovascularization facilitates blood-derived inflammatory cells to reach atherosclerotic plaques. Furthermore, inflammation also increases microangiogenic activity and amplifies macrophage recruitment. 36 The majority of neovascularization derives from the adventitial vasa vasorum in the early stage of atherosclerosis and penetrates into the intima as the plaque progresses. 37 Considering the location of microchannels, which was closer to the lumen in ACS patients, it is reasonable to speculate that plaque instability might be related to the location of neovascularization within the plaques. Therefore, the plaque with neovascularization located closer to the lumen might represent an advanced stage of atherosclerosis. Recently, it was reported that OCT can detect neovascularization 20, 38, 39 ; however, rigorous systematic validation studies using histology as the gold standard would be warranted.
Disruption
Although the prevalence of disruption of nonculprit lesions was not statistically different between ACS and non-ACS groups, the incidence was more than double in ACS patients compared with non-ACS (35.3% versus 12.6%). Several IVUS studies have reported that plaque rupture was observed not only in the culprit lesion but also in nonculprit sites. Riouful et al 6 showed that 79% of ACS patients had ruptured plaque in nonculprit lesions. Hong et al 40 reported, in a 3-vessel IVUS study, that 17% of ACS patients had ruptured plaques in nonculprit lesions, compared with 5% of non-ACS patients. Tanaka et al 41 reported that multiple plaque disruption was associated with systemic inflammation and that patients with multiple plaque rupture had poor prognosis. Although plaque disruption is thought to be the main contributing factor of plaque instability, the exact incidence of plaque disruption is still unknown. To the best of our knowledge, our study is the first to demonstrate the prevalence of plaque disruption in nonculprit lesions by 3-vessel OCT imaging.
Epidemiological studies have demonstrated that high levels of LDL-C and low levels of HDL-C predict cardiovascular risk and have confirmed the benefit of cholesterol-lowering therapy with statins in high-risk patient populations. 42, 43 In the present study, although the incidence of hyperlipidemia was not significantly different, ACS patients had a higher level of LDL-C and lower level of HDL-C; moreover, the usage of statin therapy was less frequent. These lipid profiles and a less frequent use of statin might have also affected pan-vascular process with a higher prevalence of vulnerable plaques in nonculprit sites of ACS subjects. More aggressive lipid-lowering therapy with statin may have an additional value in this population.
Limitations
First, this was a retrospective study, using a registry database. Therefore, there was obvious selection bias. Second, due to the relatively shallow axial penetration, exact measurements of necrotic core and plaque burden by OCT were not possible. However, since the most important morphological determinants of plaque vulnerability are superficial, the region of greatest interest was still within the imaging range of the current OCT system. Third, disruption, microchannels, macrophages, thrombus, and calcification were not quantified and not rigorously validated. Fourth, the sample size was small due to 3-vessel OCT imaging. Since it was practically difficult to perform 3-vessel OCT imaging using the first-generation OCT system in unstable patients, the number of ACS patients was small. Fifth, although OCT imaging was performed in 3 vessels, most segments imaged did not include the distal segment and occasionally very proximal segment. Sixth, ACS patients had a higher level of LDL-C and lower of HDL-C, moreover, the usage of statin therapy was less frequent in this patient population. Seventh, patients were randomly selected for image analysis; however, vessel analysis within the same patient was not performed in a random sequence. Finally, no power calculation was performed.
Conclusions
Nonculprit plaques in patients with ACS have more vulnerable plaque characteristics compared with those in non-ACS patients. This finding supports the concept that plaque vulnerability is a pan-vascular phenomenon in patients with ACS. The data provide direct support for current guidelines recommending aggressive management of lipids in patients with ACS. 
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